A reliable and up-to-date maritime emission inventory is essential for atmospheric scientists quantifying the impact of shipping. The objective of this study is to estimate the atmospheric emissions of SO 2 , NO x , CO 2 and PM 10 by international merchant shipping in 2007 in the Strait of Gibraltar, Spain, including the Algeciras Bay by two methods.
Two methods (both bottom-up) have been used in this study:
Establishing engine power-based emission factors (g kWh
, EPA) or the mass of pollutant per work performed by the engine for each of the relevant components of the exhaust gas from diesel engines and power for each ship.
2. Establishing fuel-based emission factors (kg emitted/t of fuel) or mass of pollutant 10 per mass of combusted fuel for each of the relevant components of the exhaust gas and a fuel-consumption inventory (IMO).
In both methods, the means to estimate engine power and fuel-consumption inventories are the same. The exhaust from boilers and incinerators is regarded as a small contributor and excluded. In total, an estimated average of 1 389 111.05 t of CO 2 ,
Introduction
Shipping is estimated to have emitted 1046 million tons of CO 2 in 2007, which corresponds to 3.3 % of global emissions in 2007. International shipping is estimated to have emitted 870 million tons or approximately 2.7 % of global CO 2 emissions in 2007 (Second IMO GHG Study, 2009 ).
In Denmark, a fuel-consumption and emissions estimate was performed in the period 1990-2005 and published in 2008. In addition, a projection for the period 2006-2030 was performed that provided highly significant results. In 2009, the second IMO (International Maritime Organization) GHG (Green House Gases) study presented estimates of GHG emissions from ships (NERI and University of Aarhus, 2008) . In 2008, 15 Dalsøren et al. presented the estimates of CO 2 , SO 2 and NO x from the international fleet. A more detailed ship-emissions inventory for UK waters was presented by ENTEC in 2010 (UK Ships emissions inventory). Dabdub and Irvine studied the impact of ship emissions on air quality on the California coast (Dabdub and Irvine, 2008) . In addition, the 2007 analysis of policy measures to reduce ship emissions, which was presented 20 in the revision of the National Emissions Ceilings Directive, was an interesting contribution to ship-emissions estimation (International Institute for Applied Systems Analysis Schlossplatz, 2007) .
Approaches to emission inventories can be categorized as bottom-up or top-down. A bottom-up approach considers spatially resolved ship-activity data, including en-25 gine size, engine load, fuel type, operating profile and other factors related to the combustion and ship to determine the emission load. A top-down approach analyzes 5955 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | fuel-consumption data and attributes the emission totals to the emission sources. A topdown approach is less time-consuming than a bottom-up approach. In a bottom-up approach, the level of detail can be higher. Global inventories can use models with elements from both methods. Details on specific ships or ship types result in estimates of global fuel consumption and emissions and are combined with spatially resolved 5 models on the activity of the global fleet (Endresen et al., 2007) . The results of topdown approaches can deviate considerably from local port inventories performed using a bottom-up approach (Wang et al., 2007) . This paper describes two bottom-up methods. The only difference between these methods concerns the emissions-factor values. Although both methods use the en-10 gine power of each ship, the methods display uncertainty if their measurements are compared with measurements made on board the ships (Durán et al., 2012) .
The specific emissions (typically, the mass of the pollutant per work performed by the engine or per mass of combusted fuel) of a pollutant species differ according to the operational mode due to the different combustion characteristics of different loads and fuel, are related to each other by the specific fuel consumption (SFOC), which differs among engine types. In addition, the SFOC depends on the fuel type due to the differences in specific heat among fuels.
The GHG and pollutant emissions in exhaust gases can be estimated by establishing 20 fuel-based emission factors for each of the relevant components of the exhaust gas and a fuel-consumption inventory. Fuel-based emission factors are values for conversion from consumed fuel to the emissions that occur during combustion. The emissions are subsequently estimated by multiplying the fuel consumption (tons of fuel) by the emission factors (kg emitted/t of fuel).
25
Another approach is to multiply the total engine power in kilowatts by the emission factor for the pollutant of interest in g kWh −1
(mass of pollutant per work performed by the engine.) In this study, both models have been used. Since 2005, all of the activities of ships larger than 300 GT (Gross Tonnage) in the Strait of Gibraltar have been registered (radar location and velocity). This data system's availability has enabled the compilation of emission inventories. In 2011, the project "Maritime transport emissions at the Strait of Gibraltar" was conducted by the authors on behalf of the Spanish Environment Ministry. The project assesses the SO 2 , NO x , 5 CO 2 and particulate emissions in the air over Algeciras Bay for 2007.
The present paper describes the emission inventory and the calculated emission results according to both methods and the uncertainties that occur when the results of the methods are compared with measurements on board the ships. A short summary of the methods will be presented, including descriptions, vessel data, engine load func-10 tions, fuel consumption and emission factors. In addition, relevant assumptions for ship engines depending the model will be discussed. In the results section, the focus is on fuel consumption and the SO 2 , NO x , CO 2 and particulate emissions for 2007.
The ship inventories include emissions from both propulsion and auxiliary engines installed on board Category 3 vessels (ships whose engines have a per-cylinder dis-15 placement of 30 l or more). These vessels are most likely to be affected by the MARPOL Annex VI.
Experimental (materials and methods)

Maritime traffic in the bay of Algeciras and the Gibraltar Strait
The Strait of Gibraltar is a natural strait that connects the Atlantic Ocean to the Mediter-20 ranean Sea. The Gibraltar strait also acts as a sort of political boundary between two countries: Spain and Morocco. The Strait of Gibraltar separates the two continents of Europe and Africa. The length of the Strait of Gibraltar is approximately 40 km with a width varying from 29 km to 13 km on the narrowest point of the strait. 
Registered vessels
20
Vessels are registered by radar (VTS). The covered area for the reference period is limited to the Strait of Gibraltar, meaning that only vessels visiting one of the four sea ports (Algeciras, Tarifa, Ceuta and Tangier) could be taken into account. The vessels transiting in the directions W-E and E-W have been also included. 5958
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Study area
The study area is divided according to basic criteria for emission calculation. Two topics are specified as follows:
1. Domestic traffic between Spain and Morocco (from c to h) 2. The second phase identifies only cruising activities per area (a and b). 
Methods
This study's approach is based on two quantitative research methods, as follows: components of the exhaust gas from diesel engines and power for each ship.
2. Second method: Establishing fuel-based emission factors (kg emitted/t of fuel) or mass of pollutant per mass of combusted fuel for each of the relevant components of the exhaust gas and a fuel-consumption inventory (IMO). In both methods, the means to estimate engine power and fuel-consumption inventories are the same. In each case, the methods are consistent with the method used by the EPA's (Environmental Protection Agency) North American ECA (the first method) and the IMO (the second method). The approach is summarized below.
5
The inventory method consists of several parts. First, an inventory for 2007 for the entire Strait of Gibraltar region was compiled taking into account vessels that cross the Strait of Gibraltar sea lanes, which extend 21 × 30 nautical miles in all directions, outside of ports but within the inventory domain. These inventories were obtained using the SASEMAR Database.
10
Certain engine-emission factors depend on how the engine is being operated. Idling and rapid load changes produce more pollutants associated with incomplete combustion as CO, non-methane volatile organic compounds (NMVOC) and PM, for example. Therefore, indirectly, the style of ship operation will affect the demands on the engine and the engine's emissions.
15
The emissions are usually estimated for four modes of operation. However, in this case, only the cruise mode will be considered because most ships cross the Strait of Gibraltar at approximately 85 % main engine load (SASEMAR Database). The cruisemode emissions in the near-port analysis extend 25 nautical miles beyond the end of the RSZ (Reduced Speed Zone) lanes.
20
Generally, ship propulsion is provided by main engines while on-board electricity is generated by auxiliary engines. In number and emission magnitude, main (ME) and auxiliary (AE) diesel engines predominate by far. The ship inventories include emissions from both propulsion and auxiliary engines installed on board the Category 3 vessels included in the analysis.
Rather than by size, diesel MEs and AEs are categorized according to engine speed at the crankshaft: high speed diesel (HSD), medium speed diesel (MSD) and slow speed (SSD). Slow and medium speed engines are far more abundant than high-speed engines as main engines.
5960
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | Emissions are calculated separately for propulsion and auxiliary engines. For this analysis, SASEMAR information data for 2007 and Lloyd's Register Fairplay (now HIS Fairplay) data for ship characteristics were used to identify average ship characteristics and calls by ship type for each port. Information on the number of calls, propulsion-engine power, and cruising speed was obtained from these data.
5
The records from the SASEMAR entrances database were matched with Lloyd's data on ship characteristics. Ships with main propulsion engines with less than 30 l per cylinder displacement were eliminated from the data set. The dataset for vessels with Category 3 propulsion engines was binned by ship type, engine type and dead-weight tonnage (DWT) range. The number of entrances in each bin is counted. In addition,
10
propulsion power and vessel cruising speed are considered constant during the 21-mile W-E or E-W transit of the strait (from the Atlantic Ocean to the Mediterranean Sea and vice versa) or during the 21-, 15-, 16-and 30-mile N-S or S-N course (domestic ferries).
The following inputs are required to estimate emission inventories for each vessel in 15 the cruise mode:
-Number of calls and ship characteristics (main-engine power, cruising speed, and load factors. ), (ENTEC).
Main-engine power and load-factor equations
5
Supporting information provides the specific equations used to calculate propulsion and auxiliary emissions for each activity mode (Eqs. A1 and A2).
Main-engine emission factors
An analysis of emission data was prepared and published in 2002 by ENTEC (Entec UK Limited). The resulting ENTEC emission factors include individual factors for three 10 speeds of diesel engines: slow-speed diesel (SSD), medium-speed diesel (MSD), and high-speed diesel (HSD), and the two types of fuel studied here: residual marine (RM) and marine distillate oil (MDO). Table 4 lists the propulsion-engine emission factors for NO x and HC that were used for the 2002 port inventory (Corbett and Koehler, 2003 sources, as explained below. Because PM and SO 2 emission factors depend on the fuel sulfur level, the fuel types and fuel sulfur levels used in this analysis are described at the end of this section.
Ships consume a variety of fuels classed primarily by viscosity and ranging from marine distillates (MD) to heavier residual oils (RO). All the domestic-traffic ships in The calculations assume that tankers, reefer ships and container ships use heavy fuel oil and that general cargo ships use gas oil.
The brake specific fuel consumption (BSFC) used for SSDs was 195 g kWh −1 , while the BSFC used for MSDs was 210 g kWh −1 based on Lloyd's 1995 database.
Auxiliary-engine power and load factors 5
In the method used in this analysis, the auxiliary-engine maximum continuous power ratings and load factors were calculated separately from those of propulsion engines, and different emission factors (EFs) were applied. All auxiliary engines were treated as Category 2 medium-speed diesel (MSD) engines.
In the Lloyd's database, auxiliary-engine power data are limited. Therefore, this 10 power must be estimated. The approach was to derive ratios of average auxiliaryengine power to propulsion power based on survey data. The California Air Resources Board (ARB) conducted an Oceangoing Ship Survey of 327 ships in January 2005 that was the principal source of data for this analysis. Average auxiliary-engine power to propulsion power ratios were estimated by ship type and are presented in Table 1 .
15
These ratios by ship type were applied to the propulsion-power data to derive auxiliary power ratings for the ship types at each port. The auxiliary-engine to propulsion-engine power ratio varies by ship type and operating mode approximately from 0.19 to 0.40. The auxiliary load, shown in Table 4 , is used with the total auxiliary-engine power to calculate auxiliary-engine emissions.
20
Starcrest's Vessel Boarding Program showed that auxiliary engines operate constantly except when the ship is using shoreside power during hotelling. The highest power load often occurs during maneuvering and the minimum under normal cruising (Table 4) .
In this study, only the RSZ mode has been considered. However, considering the resolution IMO MEPC.212 (63) adopted on 2 March 2012,
25
the estimation procedures given in the 2012 guidelines on the method of calculation of the attained energy efficiency design index (EEDI) for new ships could be used. According to the guidelines, two equations might be used, one for ships with a main 5963
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | engine power of 10 000 kW or above, and the other one for ships with a main engine with a power output lower than 10 000 kW (MEPC 63/23 Annex 8, p. 7, 2012) . This resolution has not been considered in this study because the amendments to MARPOL Annex VI adopted at its sixty-second session by inclusion of a new chapter 4 for regulations on energy efficiency for ships, are expected to enter into force on 1 January 5 2013 upon their acceptance on 1 July 2012.
Auxiliary-engine emission factors
The most current set of auxiliary engine emission factors is that of ENTEC except as noted below for PM and SO 2 . Table 5 provides the auxiliary-engine emission factors. The auxiliary-engine emission-factor averages by ship type are obtained by combin-
10
ing the ratios of RM versus MDO as shown in Table 8 with the emission factors shown in Table 5 .
Calculation of all emission factors
The SO 2 emission factors (g kWh −1 ) were based on a fuel sulfur to SO 2 conversion formula that was supplied by ENVIRON (Eq. A3).
15
The CO 2 emission factors were calculated from the BSFC assuming a fuel carbon content of 86.7 % by weight 14 and a ratio of molecular weights of CO 2 and C at 3.667 (Eq. A4). The fuel specific CO 2 emission values are detailed in Table 7 for residual oil and gas oil (3.130 kg CO 2 kg −1 fuel for heavy fuel oil and 3. The CO emission factors were developed from information provided in the ENTEC appendix because these factors are not explicitly stated in the text. The CO emission factors were confirmed by a recent US government review (EPA-HQ-OAR-2007 -0121, 2009 ).
The SO 2 emission factors were calculated from the fuel sulfur levels.
5
The PM 10 values were determined based on existing engine test data in consultation with ARB. The value of PM 2.5 is assumed to be 92 % of PM 10 (Eq. A5).
Marine engines use primarily three types of fuel: residual marine (RM), marine diesel oil (MDO), and marine gas oil (MGO) with varying levels of fuel sulfur (EPA420-D-07-006, 2006). Generally, MDO and MGO are described as distillate fuels.
10
For this analysis, RM and MDO fuels are assumed. Because PM and SO 2 emission factors depend on the fuel sulfur level, the calculation of port inventories requires information about the fuel sulfur levels associated with each fuel type and which fuel types are used by propulsion and auxiliary engines.
The procedure for each ship is illustrated in Fig. 1.   15 
Second method
Establishing fuel-based emission factors (kg emitted/t of fuel) (CORINAIR/IPPC, 2006) . In this method, the fuel consumption is estimated for individual ships. The mainengine (ME) fuel consumption of each ship is estimated by multiplying the MCR ME power (Lloyd's Database) of navigation through the Strait of Gibraltar for the operating 20 hours of the main engine and the average engine-load factor. Next, the fuel consumption is estimated by multiplying the power outtake by the specific value of fuel-oil consumption that is applicable to the engines of the given category (g kWh −1 ). The process of estimating the fuel consumption of a ship category is illustrated as follows. The same principle is applied to estimate the fuel consumption of the auxiliary engine. Emissions been estimated by an activity-based method (a bottom-up approach) for all the vessels transiting the Strait of Gibraltar. In the activity-based approach, the fuel consumption is estimated for individual ship categories.
The annual power outtake (kWh) is estimated by multiplying the installed power by 10 a category-specific estimate of the operating hours of the main engine and the engineload factor for each ship speed. Next, the fuel consumption is estimated by multiplying the power outtake by the specific value of fuel-oil consumption that is applicable to each engine (g kWh −1 ).
The process of estimating the fuel consumption of each ship is shown in Fig. 2 . The
15
same principle is applied to estimate the fuel consumption of the auxiliary engine.
Main and auxiliary engine emission factors
Fuel-based emission factors are conversion values that are used to calculate emissions and based on consumed fuel. To compile the basic emission inventory in accordance with recognized standards, The process of estimating the total emissions of each ship is illustrated in Fig. 3 . Tables 10 and 11 show the total average fuel consumption and total emissions based in the first method. Tables 1 and 2 , show the results for each pollutant for both methods. Passenger vessels are the main emitters and represents more than 65 % of the atmospheric emissions in certain cases (62.6 % for CO 2 , 68.7 % for SO 2 , 67.4 % for 5 PM 10 , 66 % for PM 2.5 and 62 % for NO x ). The high share of emissions of container vessels is remarkable despite representing only 18 % of all entries in the VTS Tarifa.
The results coincide except for NO x and CO emissions. Most differences appear with respect to NO x and CO emissions. The reasons for these differences will be discussed below.
10
Uncertainties and discussion
The activity-based estimate of consumption of marine bunkers is based on a series of inputs. An uncertainty is associated with each of these inputs. Therefore, the uncertainties of this study may be divided in two sections, as follows. 
Uncertainties common to both methods discussed in this study
Lloyd's Register Fairplay database
Ninety-five percent of the calls in the input data were directly matched with the Lloyd's data, and the remaining 5 % were estimated based on other information (Second IMO GHG Study, 2009), although no significant difference exists between "Lloyd's database" and the results applied from Table 8 . 
Engine load
Default values were calculated from AIS average speed and Fairplay design speed. The calculations are sensitive to vessel-design speed data from the extended Lloyd's database and errors in estimating the AIS at-sea speed. Moreover, engine load will be over-estimated when a ship is in ballast or lightly loaded. However, in this case, 5 most of the vessels studied (65 %, including passenger ships, ferries and ro-ros) cruise the strait with the same load in both directions N-S and S-N. The remaining ships usually cruise loaded in one direction and in ballast in the opposite direction E-W and W-E. Therefore, the calculation of the average main engine load can be considered acceptable. 
Vessel cruise speed
The third common uncertainty could be related to the AIS calculations used for propulsion-engine power, and cruising speed. The number of entrances in each bin is counted. In addition, propulsion power and vessel cruise speed are considered constant during navigation across the strait. However, the vessel cruise speed depends on 15 meteorological conditions, and only one bin and only one speed register may not suffice. However, in this case, most of the vessels that ship through the strait complete the passage in a relatively short time (1.50 to 3 h) and weather conditions that decrease the speed in one direction will be beneficial when sailing in the opposite direction. The average time spent shipping in the zone was calculated for each ship. Therefore, we 20 believe that the results are acceptable.
Auxiliary-engine power data
All auxiliary engines were treated as Category 2 medium-speed diesel (MSD) engines for this analysis. In the Lloyd's database, auxiliary-engine power data are limited. Therefore, these data must be estimated. The estimation approach was to derive Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | ratios of average auxiliary-engine power to propulsion power based on survey data. For this analysis, California Air Resources Board (ARB) was the principal source of data. Therefore, the results could be considered acceptable because the same procedure has been used by the EPA in the year 2010.
Ship database
5
The uncertainty of the database of ship specific data used should also be considered as contributing to the total uncertainty. In this study has not been possible to calculate such uncertainty.
Fuel type
Finally, irrespective of ship category (container, passenger, ferry etc.), a ship's engine 10 type and fuel dictate the ship's emissions. Tables 5 and 6 display the relevant data. For passenger ships, ro-ros and ferries, MDO fuels are assumed for both main and auxiliary engines.
Uncertainties with each method in this study
The most important uncertainty with the first method is the emissions factors that were 15 applied.
The method for applying the emission factors is based on the published sources IVL (Swedish Environmental Research Institute) and Lloyd's Register Engineering Services data. In general, variation within the IVL data is smaller in comparison with the Lloyd's data. For example, the NO x factors for SSD are 17.4 g kWh −1 (IVL) and 18.7 (LR). How-20 ever, the differences in CO, HC and PM are larger. In this study, the ENTEC database has been applied, as in the EPA method (18.1 g kWh −1 for SSD and 14.0 for MSD).
This uncertainty must be taken into account particularly when significant differences are apparent in comparison with other methods, as discussed above. First, fuel consumption was estimated based on activity data, not fuel statistics. In the activity-based approach, fuel consumption is estimated for individual ships. The mainand auxiliary-engine fuel consumption of a ship is estimated by multiplying the ME and 5 AE power by the average specific consumption (g kWh −1
) of fuel oil by the main and auxiliary engines.
Activity-based estimates consistently predict fuel-consumption values that are higher than those indicated in fuel statistics. These activity-based estimates share many common inputs and assumptions and are not fully independent. In contrast, statistical data 10 include apparent errors and other inconsistencies that could be expected to cause under-reporting of consumption (Second IMO GHG Study). The SFOC of modern marine engines ranges between 165 g kWh −1
for the most efficient two-stroke engines to approximately 230 g kWh −1
for small four-stroke engines The SFOC that was used for SSDs was 195 g kWh
, while the BSFC that was used for MSDs was 210 g kWh −1 15 based on Lloyd's (1995) . However, engines older than 10 yr (engines manufactured before 1993) have been assigned SFOC values 7 % larger than for newer engines (Genesys Engineering Inc., 2003) .
In addition, engine type (SSD and MSD) has been considered without distinguishing whether the engine was main or auxiliary.
20
This uncertainty is important because the differences between the SFOC of new and old engines, average engine age, engine wear, engine maintenance etc. must be considered.
However, the original emission factors are in the unit g kWh −1
. These values have been converted to emissions in g kg −1
fuel by dividing the SFOC of 206 g fuel/kWh 25 (Corbett and Koehler, 2003) . This average value can produce differences from ENTEC values, which are used in the first method.
Discussion
This research has estimated atmospheric emissions for a precise geographical area: the Strait of Gibraltar and Algeciras Bay. By using a method based on a activity-based model, the results are more realistic and justifiable than other estimates based on the amount of bunker fuels sold over a given time period.
During the research, difficulties were encountered in obtaining reliable data and determining precise emission factors. Overcoming these difficulties will facilitate a finer tuning of the method and more precise estimates.
In addition, it would be interesting to examine the Strait of Gibraltar emission estimates from the perspective of another country (Table 9 ).
10
The available data sources for applying a detailed method may vary from one country to another. Additionally, the scope of such a study may vary. In this article, only one detailed method for shipping is presented. The method is based on ship movement data, not fuel statistics. In accordance with standard international procedure for gaseous emissions from diesel engines, the base emission factors are presented in terms of However, the deviations obtained for both methods are more important for NO x and CO, particularly for four-stroke engines. Differences up to 16 % for NO x have been obtained with both methods, particularly for four-stroke engines. Differences close to 20 % are usually tolerated in emission inventories. However, for CO emissions, certain differences much higher (more than 40 % in many cases) and out of tolerance. The main 5 differences are with four-stroke engines. In this case, the fuel-based emissions-factor method uses a constant emission factor for all engine and fuel types (CORINAIR). However, ENTEC uses different emissions factors for two-and four-stroke engines, respectively (27 % lower value), which cause the large differences in CO emissions.
The fuel consumption of main engines used for propulsion is commonly estimated 10 in the literature as a product of the constant specific fuel oil consumption (SFOC) and instantaneous engine power, which results in a linear relationship between fuel consumption and engine power. Depending on the stroke type, age and power rating of the engine, the base SFOC value typically ranges between 170 g kWh
and 220 g kWh −1 . In this paper, average values of 195 g kWh −1
for two-stroke engines and 210 g kWh −1
for four-stroke engines have been applied. These values can be accepted. However, there is a minimum difference in the results for both methods in total emissions (Table 2). Finally, the largest uncertainty for this inventory type is in the lack of correction factors for engine-maintenance conditions. Maladjustment or a faulty operating system can 20 produce a high uncontrolled emissions percentage for NO x and CO. After analysis of the results and the data uncertainties, no large deviations in the results have been observed (2 %). Therefore, the results for both methods may be considered acceptable because the actual uncontrolled deviations appear in the changes in emission factors that occur for a given engine with age. These deviations are often diffi-25 cult to quantify and depend on individual shipboard service and maintenance routines. Emission factors for CO and NO x are not constant and depend on engine condition (Durán et al., 2012) . For example, when an engine operates under normal in-service conditions, the emissions are within limits. However, with a small fault in injection timing, 5972 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | the NO x emission exceeds the limits (30 % higher value in some cases). A fault in the maintenance of the injection nozzles increases the CO emission (15 % higher value in some cases).
Conclusions
After analysis, the results for both methods may be considered acceptable but the 5 actual uncontrolled deviations appear in the changes in emission factors that occur for a given engine because the emission factors for CO and NO x depend on engine condition.
The results of this study and the possible emission reductions that could be obtained if engines were correctly adjusted indicate that emissions monitoring should be 10 continuous and comprehensive for each vessel and the monitoring results should be recorded and analyzed at random by the competent maritime authorities.
Appendix A
The basic equation used to estimate emissions for each engine in each mode is as follows:
where: Main-engine load factors (LF) were calculated directly from the propeller curve based on the cube of actual speed divided by maximum speed (at 100 % maximum continuous rating, MCR). In addition, cruise-mode activity is based on cruise distance and speed inputs.
5
Hrs: Cruise Distance (nautical miles)/ Cruising Speed (knots) Main-engine load factors (LF)
AS, actual speed.
MS, maximum speed from Lloyd's data.
10
Ninety-five percent of the calls in the input data were directly matched with Lloyd's data. The remaining 5 % were estimated based on the most reliable source of technical data directly linked to individual vessels, as shown in Table 8 . SO 2 emission factors were based upon a fuel sulfur to SO 2 conversion formula which was supplied by ENVIRON. CO 2 emission factors were calculated from the BSFC assuming a fuel carbon content of 86.7 % by weight 14 and a ratio of molecular weights of CO 2 and C at 3.667. Fuel consumption was calculated from CO 2 emissions based on a 1 : 3.183 ratio. Approximately 3183 t of CO 2 emissions are assumed produced from one metric ton of fuel. Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | . juan.moreno@uca.es. Vanesa . vanesa.duran@uca.es Zigor Uriondo (2) zuriondo@azti.es José Ángel Llamas (1) .jallamas@navantia.es (1) Departamento de Máquinas y Motores Térmicos. Escuela de Ingenierías Marina, Náutica y Radioelectrónica. Campus de Excelencia Internacional del Mar(CEIMAR). Universidad de Cádiz. . vanesa.duran@uca.es Zigor Uriondo (2) zuriondo@azti.es José Ángel Llamas (1) .jallamas@navantia.es 
Calculation of CO
Calculation of PM 10 emission factors based on fuel sulfur levels
PMEF = PMNom + [(SAct − SNom) × BSFC × FSC × MWR × 0.0001](A5)
MCR Main Engine
Emitted by mode and engine type for the pollutant of interest (g) Emission Factors for the pollutant of interest (g /kWh) Hours operating (nautical miles )/ (Cruise Speed)
TOTAL EMITTED
(kg for the pollutant of interest) Fig. 3 . Activity-based calculation of total emissions.
